Aims/hypothesis Data are inconsistent regarding the associations between age, age at diagnosis of diabetes, diabetes duration and subsequent vascular complications.
Introduction
Type 2 diabetes has long been regarded as a condition that affects older people. However, this perception requires modification as an increasing number of younger people (aged 20-40 years) are being diagnosed with the disease [1] . The 2013 International Diabetes Federation report on the global prevalence of diabetes estimated that 382 million people had diabetes, with the greatest number aged between 40 years and 59 years [1] . The report also found that 5.1 million deaths were attributable to diabetes, of which about half were in people <60 years of age [1] . Given the shifting age distribution globally and among people with diabetes, and the increasing number of deaths due to diabetes, it is important to better understand the impact of age, age at diagnosis and diabetes duration on vascular complications and death.
Previous data have suggested that, in patients with diabetes, age and age at diagnosis have varying effects on the risk of vascular complications. Some studies have reported clear effects of older age on the risk of myocardial infarction and stroke in people with diabetes [2, 3] . Other studies have reported independent effects of duration of diabetes [4] , and greater risks associated with early rather than late onset of diabetes [5] that are accentuated in women [6] . The UK Prospective Diabetes Study (UKPDS) reported increasing baseline prevalence of myocardial infarction, but not retinopathy or microalbuminuria, with older age in patients newly diagnosed with diabetes [7] . By contrast, after 6 years of follow-up, younger age at diagnosis was related to an increased risk of retinopathy and peripheral neuropathy but not an increased risk of myocardial infarction and microalbuminuria [7] . These data suggested a complex interplay between the effects of age and age at diagnosis on different vascular beds, with the authors proposing some effect of the unquantified period of hyperglycaemia prior to diagnosis.
The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE) trial examined the effects of intensive glucose control and blood pressure lowering on vascular complications and death in a broad range of people with established type 2 diabetes from around the world [8, 9] . The purpose of the present analysis was to examine the separate effects of age or age at diagnosis and duration of diabetes, and any potential interaction, on the risk of macrovascular and microvascular events and all-cause mortality in a contemporary cohort with type 2 diabetes.
Methods
Study design and participants ADVANCE was a factorial randomised controlled trial evaluating the effects of intensive blood glucose control and blood pressure lowering on vascular outcomes among people with type 2 diabetes. A detailed description of the design has been published previously [10] . In brief, 11,140 individuals with type 2 diabetes aged 55 years and older, and at elevated risk of cardiovascular disease as indicated by a history of major macrovascular or major microvascular disease, a duration of diabetes of at least 10 years or one additional risk factor for cardiovascular disease, were enrolled from 215 centres in 20 countries. There were no participant inclusion or exclusion criteria based on prior levels of glycaemic control. Eligible participants were randomly assigned either to an intensive glucose control regimen based on treatment with gliclazide modified release (aiming for an HbA 1c level of ≤6.5% or 48 mmol/mol) or to a standard glucose control regimen based on the local guidelines of participating countries. In a factorial design, participants were also randomly allocated to either a fixed combination of perindopril and indapamide (4 mg/1.25 mg) or matching placebo, after a 6 week active run-in period on perindopril and indapamide (2 mg/0.625 mg). Approval for the trial was obtained from each centre's institutional review board and all participants provided written informed consent.
Demographic and clinical variables Demographic and clinical variables at baseline were collected as described previously [10] . Age or age at diagnosis, and diabetes duration (calculated as baseline age minus age at diagnosis), were considered in 5 year strata.
Outcomes The main outcomes of this study were macrovascular events (cardiovascular death, non-fatal myocardial infarction or non-fatal stroke), death from any cause, and microvascular events. Microvascular events consisted of new or worsening nephropathy (development of macroalbuminuria, defined as a urinary albumin:creatinine ratio of >300 μg of albumin per milligram of creatinine [33.9 mg/mmol], or doubling of the serum creatinine level to at least 200 μmol/l [2.26 mg/dl], the need for renalreplacement therapy, or death due to renal disease) or new or worsening retinopathy (development of proliferative retinopathy, macular oedema or diabetes-related blindness or the use of retinal photocoagulation therapy). All these events were reviewed and validated by an independent endpoint adjudication committee.
Statistical analysis All 11,140 participants were included in the analyses. Differences in variables at baseline between subgroups of the study population were tested using linear regression models for continuous risk factors and logistic regression models for binary risk factors. Spearman correlations were used to examine the correlation between the key variables. Follow-up time for each participant was calculated as time from registration date to date of event or date of censoring. Cox proportional hazard models were used to relate age or age at diagnosis and diabetes duration (as continuous variables) to the study outcomes using a two-step approach. Only the first event for each outcome was included in the analysis. In the first step, crude rates and risk models adjusted for randomised treatments (glucose control and blood pressure lowering) were calculated. In the second step, models were further adjusted for baseline HbA 1c levels. An interaction between the effects of age and diabetes duration was tested by adding an interaction term to the relevant Cox model. The cumulative incidence of macrovascular and microvascular events was also estimated using Fine and Gray's test where all-cause death was considered as a potential competing event [11] . Sensitivity analyses were conducted to examine: (1) the effect of adjustment for potential confounders that included sex, systolic blood pressure, BMI, lipids, smoking status, prevalent microvascular or macrovascular disease, renal function and urine albumin:creatinine ratio; (2) further adjustment for mean HbA 1c level before the index event; and (3) the effect of excluding participants with prevalent macrovascular or microvascular disease at baseline depending on the specific study outcome. A p value <0.05 was taken to indicate statistical significance. All analyses were performed using SAS software, version 9.2 (SAS Institute, Cary, NC, USA).
Results
The baseline characteristics of the study population by 5 year strata of age and diabetes duration are shown in Tables 1 and 2, respectively. Overall, the mean (±SD) age of the cohort was 65.8±6.4 years and the age at diagnosis was 57.8±8.7 years (Table 1) , with 21%, 18%, 22% and 39% of patients reporting their age at diagnosis as ≤50, >50-55, >55-60 and >60 years, respectively. The mean (±SD) diabetes duration was 7.9± 6.4 years, with 43%, 27%, 18% and 12% of patients reporting a diabetes duration of ≤5, >5-10, >10-15 and >15 years, respectively ( Table 2 ). The mean diabetes duration of the 5-year age strata increased linearly from the youngest to the oldest but only varied by 1.5 years across the age groups ( p for trend <0.0001, Table 1 ). The mean age of the groups by 5-year diabetes duration strata was very similar, except for the group with the longest diabetes duration (>15 years) who were on average only 1.2-1.5 years older than the groups with shorter diabetes duration (≤15 years) ( Table 2 ). By contrast, the mean age at diagnosis of the group with the longest diabetes duration (>15 years) was significantly lower than that of the groups with shorter diabetes duration ( p for trend <0.0001, Table 2 ). Age, age at diagnosis and diabetes duration were all significantly correlated ( p<0.0001), with the strongest correlations evident for age and age at diagnosis (Spearman correlation coefficient 0.69), and diabetes duration and age at diagnosis (Spearman correlation coefficient 0.65).
Macrovascular events and death After base adjustment for randomised treatments and further adjustment for baseline HbA 1c level, age, age at diagnosis and diabetes duration were all associated with risks of macrovascular events and all-cause death (all p<0.001; Tables 3 and 4 , Fig. 1a-f ). For each 5 year increase in age (or age at diagnosis), the multiple adjusted risks of macrovascular events and all-cause death were increased by 33% and 56%, respectively (Tables 3 and 4) . For each 5 year increase in duration of diabetes, the multiple adjusted risks of macrovascular events and all-cause death were increased by 13% and 15%, respectively, when accounting for age (Table 3) , or increased by 49% and 78%, respectively, when accounting for age at diagnosis (Table 4) . Compared with the effects of a 1 SD increase in diabetes duration on macrovascular events and all-cause death, which allows some direct comparison of relative effects, the effects of a 1 SD increase in age and age at diagnosis were markedly greater (Electronic Supplementary Material [ESM] Tables 1  and 2) .
When the components of the macrovascular outcome (fatal and non-fatal myocardial infarction or fatal and non-fatal stroke) were examined separately, the associations were consistent (ESM Table 3 ).
When the base models were adjusted for multiple potential confounding covariates (sex, systolic blood pressure, BMI, lipids, smoking status, prior microvascular disease or macrovascular disease, renal function and urine albumin:creatinine ratio) the associations were slightly attenuated but remained significant (ESM Table 4 ). When these models were further adjusted for mean HbA 1c level before the index event, the associations remained evident, except for that between duration of diabetes and macrovascular events, which became marginally non-significant (ESM Table 4 ).
No interaction was observed between the effects of age or age at diagnosis and diabetes duration on the risks of macrovascular events and all-cause death (all p for interaction >0.098, Tables 3 and 4) . Across all strata, older age, older age at diagnosis and longer diabetes duration increased the risks of macrovascular events and all-cause death (Figs 2a, b and 3a, b).
When participants with a history of macrovascular disease at baseline were excluded from analyses, the results were unchanged (ESM Table 5 ). Microvascular events After base adjustment for randomised treatments, age at diagnosis and diabetes duration were associated with risk of microvascular events ( p<0.0001) but age was not ( p=0.2889) ( Tables 3 and 4 , Fig. 1g-i) . After further adjustment for baseline HbA 1c level, diabetes duration continued to be associated with risk of microvascular events ( p < 0.0001, Table 4 ) but age at diagnosis was not ( p=0.2882, Table 4 ). For each 5 year increase in diabetes duration, the multiple adjusted risk of microvascular events was increased by 28% (Table 3) . When the components of the microvascular outcome (new or worsening retinopathy and new or worsening nephropathy) were examined separately, the associations were consistent except that age was inversely associated with new or worsening retinopathy, such that after base and further adjustment for baseline HbA 1c , older age was significantly associated with lower risk of retinopathy (ESM Table 3 ).
An interaction was observed between the effects of age or age at diagnosis and diabetes duration on the risk of microvascular events (both p for interaction <0.05). Overall, for every 5 year increase in age or age at diagnosis, the effect of a 5 year increase in diabetes duration was reduced, with greater risks of microvascular events observed in those who were younger rather than older for the same duration of diabetes (Tables 3 and 4) . However, when the associations were examined in those with short duration of diabetes (0-5 years), there was a weak positive relationship between age or age at diagnosis and microvascular events, whereas in those with long duration of diabetes (>10 years) there was a clear negative relationship between age or age at diagnosis and microvascular events (Figs 2c, 3c ). When participants with a history of microvascular disease at baseline where excluded from analyses, the results were unchanged (ESM Table 5 ).
Competing risks In analyses taking account of all-cause death as a potential competing risk, the results for macrovascular and microvascular events (ESM Fig. 1 ) were almost identical to those from the primary analysis (Fig. 1) .
Discussion
The new data presented here from a very large and diverse population of people with type 2 diabetes demonstrate that age or age at diagnosis of diabetes and diabetes duration are independently associated with the risk of macrovascular complications and death, whereas only diabetes duration was independently associated with the risk of microvascular complications. We report no interaction between the associations between age or age at diagnosis and diabetes duration on the risk of macrovascular events and death but a clear interaction between the associations between age or age at diagnosis and diabetes duration on the risk of microvascular events. Older age or age at diagnosis and longer diabetes duration proportionally increased the risk of macrovascular events and death, with the greatest risks observed in the oldest age groups with the longest duration of diabetes. By contrast, the adverse effects of longer diabetes duration on the risk of microvascular events were reduced with older age or age at diagnosis, such that the greatest risks of microvascular events were observed in the youngest age groups with the longest duration of diabetes. The most likely explanation for the findings is that macrovascular events occur commonly in the general population and are strongly age dependent. We might thus expect the risk of macrovascular events to be related to age or age at diagnosis of diabetes, with an added risk conferred by duration of diabetes. By contrast, microvascular events occur more commonly in populations with diabetes and the risk of these events might thus be expected to be predominantly related to duration of diabetes.
Our findings are consistent with those of two previous studies [12, 13] . Krolewski et al showed that microvascular eye lesions occurred in people with type 1 diabetes after sufficient intensity and duration of hyperglycaemia, and that duration was more important than intensity, provided that the intensity exceeded some threshold [12] . Jerneld and Algvere reported that retinopathy in insulin-treated patients correlated with duration of diabetes but not age at onset of diabetes [13] . Given that the diagnosis of type 2 diabetes is based on a glucose threshold at which the risk of retinopathy is substantively increased [14] , it is reassuring that in our study age at diagnosis and diabetes duration were related to risk of microvascular events albeit with the effect of age at diagnosis accounted for by glycaemic control.
Our data further suggest that both the intensity of hyperglycaemia and a more susceptible microvasculature may explain the greater risk of microvascular complications in younger than older people with type 2 diabetes. In support, higher on average HbA 1c and fasting glucose levels were observed in the younger age groups despite on average shorter diabetes duration. Clearly, when type 2 diabetes occurs in younger people, good glycaemic control appears to be less often achieved. Alternatively, individuals who develop type 2 diabetes at a younger age may have a different phenotype (a combination of insulin resistance and a loss of beta cells) to those who develop type 2 diabetes at a more advanced age (who predominately have a loss of beta cells), such that worse glycaemic control and greater microvascular damage is experienced.
Our findings are consistent with data from the UKPDS, which reported no increase in prevalence of microvascular complications with older age at diagnosis [7] . Furthermore, a growing body of evidence suggests that type 2 diabetes diagnosed in young people is associated with a worse vascular risk profile, higher complication rates and worse prognosis than type 1 diabetes [15] [16] [17] . Our findings are also consistent with a recent pooled analysis, which reported that the proportional effects of vascular risk factors including systolic blood pressure and total cholesterol declined with age, such that the greatest relative risks were observed in the younger individuals aged 55-64 years [18] .
Somewhat surprisingly in these observational analyses, age did not have a separate effect on the risk of microvascular events. One explanation may be that the effects of ageing on the microvasculature are masked by the preclinical and clinical phases of hyperglycaemia, which may have varied across the age groups. Another is that people with diabetes diagnosed later in life may not survive long enough for microvascular complications to develop and/or to become clinically manifest. Given that the findings were virtually identical when accounting for the effect of death as a competing risk event, this would seem unlikely.
These results support the need for more intensive surveillance and glycaemic control to prevent major microvascular complications in younger people living with type 2 diabetes. Given the legacy effects of intensive glucose control reported by the post-trial follow-up of the UKPDS cohort [19] , and other studies that have suggested development of retinopathy as early as 7 years before the diagnosis of type 2 diabetes [20] , a refocus towards intensive management of hyperglycaemia at diagnosis, particularly in younger people, may be warranted if the long-term risk of microvascular complications is to be minimised. With the increasing number of nonpharmacological and pharmacological approaches to improve glycaemic control this objective should be achievable [21] . With respect to macrovascular complications, our findings from patients with type 2 diabetes indicate that effective prevention requires vigilance at all stages of the disease and across all age groups. However, as the absolute event rates were highest in the older age groups, surveillance for macrovascular complications should be intensified with increasing age.
Our findings should be interpreted in light of the strengths and limitations of our study. The strengths include that the data were derived from a large cohort of ethnically diverse patients with type 2 diabetes who were prospectively followed for 5 years and had comprehensive ascertainment and adjudication of vascular complications. The limitations include the post hoc nature of the analysis and the highly selected study population, which was enriched with patients with complications or at high risk of cardiovascular disease and excluded patients on long-term insulin therapy. However, given the similarities between our cohort and other community-based observational cohorts of people with type 2 diabetes, we still believe our findings are somewhat generalisable [22] . Another limitation was our dependence on physician or patient report of age at first diabetes diagnosis (from which diabetes duration was determined). Given the wide range of diabetes duration represented in our cohort, this reporting may have been less accurate in those with longer diabetes duration than shorter diabetes duration. Moreover, we did not collect the original test results with which the diagnosis was made.
In conclusion, in patients with type 2 diabetes, age or age at diagnosis of diabetes and diabetes duration are independently associated with the risk of macrovascular complications and death. By contrast, only diabetes duration is independently associated with the risk of microvascular complications, and the effects of diabetes duration are greatest at younger rather than older ages. Intensive glycaemic control of young people diagnosed with type 2 diabetes is warranted early to minimise the risk of microvascular complications. Duality of interest JC holds a research grant from Servier as principal investigator for ADVANCE. SZ was supported by a Heart Foundation of Australia Career Development Award. MW was supported by an NHMRC Senior Research Fellowship. SZ, JC, MC, MM and MW have received lecturing fees from Servier. All other authors declare that there is no duality of interest associated with their contribution to this manuscript.
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